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1. Introduction
1HZWRROVRUDSSURDFKHVDUHFRQVLGHUHGWREHLPSRUWDQWIRULQYHVWLJDWLRQDQGHYDOXDWLRQRIVRLOZDWHU
SODQWLQWHUDFWLRQVLQWKHSODQWSKHQRW\SLQJLQYHVWLJDWLRQV),25$1,6&+8552QHRIWKHFHQWUDOSRLQWV
WKDWGHWHUPLQHURRWV\VWHPUHVSRQVHWRZDWHUDYDLODELOLW\LVWKRVHWKDWZDWHULVXVXDOO\QRQKRPRJHQHRXVO\GLVWUL-
EXWHGLQDVRLODQGWKDWKHWHURJHQHLW\VLJQL¿FDQWO\LQFUHDVHVZKHQGURXJKWVWUHVVRFFXUV7KXVWKHGHYHORSPHQWRI
QRQLQYDVLYHLQVWUXPHQWVDQGVHQVRUVZKLFKDOORZPHDVXULQJWKHVRLOPRLVWXUHGLVWULEXWLRQZRXOGRSHQXSQHZ
DSSURDFKHVWRLQYHVWLJDWHSODQWVWUDWHJLHVGHDOLQJHLWKHUZLWKORZZDWHUFRQWHQWRULQSDUWLFXODUZLWKKHWHURJHQHL-
WLHVLQZDWHUDYDLODELOLW\GXULQJSHULRGVRIGURXJKWF\FOHV
7RH[SORUHWKHXVDJHRIVFDWWHULQJSDUDPHWHUV6SDUDPHWHUVDWIUHTXHQF\UDQJHFORVHWR*+]DV\V-
WHPZLWKPLFURVWULSSDWFKDQWHQQDVZDVGHYHORSHG7KHDQWHQQDVZHUHSODFHGRQERWKVLGHVRIDUKL]RER[ZKLFK
DOORZVPHDVXULQJQRQLQYDVLYHO\VRLOPRLVWXUHLQWKHER[+(550$11HWDO5KL]RER[HVDUHQRUPDOO\
XVHGWRVWXG\URRWJURZWKGXULQJSODQWGHYHORSPHQWDQGFDQEHDSSOLHGLQWKHLQYHVWLJDWLRQVRIDURRWSHUIRUPDQFH
7KHYDULDWLRQRIZDWHUFRQWHQWGLVWULEXWLRQRYHUWLPHZDVPRQLWRUHGXQGHUODERUDWRU\FRQGLWLRQV
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2. Materials and Methods
(DFKDQWHQQDZDVGHVLJQHGDVDȜUHVRQDQWPLFURVWULSSDWFKDQWHQQD&$7$/'2HWDORQDFLU-
FXLWERDUGZLWKDWKLFNQHVVRIPPDQGDGLHOHFWULFFRQVWDQWİUVXERI7KHDQWHQQDZDVPPLQERWKZLGWKDQGOHQJWK$9HFWRU1HWZRUN$QDO\]HU=1%5RKGH	6FKZDU]LVDZHOONQRZQFRPPHUFLDOHTXLSPHQWDQG
ZDVXVHGWRPHDVXUHFKDQJHVRIVFDWWHULQJSDUDPHWHUVLQG%PDWUHVRQDQWIUHTXHQF\RIDERXW*+]IRUHDFK
DQWHQQD7KHQHWZRUNDQDO\]HUKDVDZLGHG\QDPLFUDQJHXSWRG%DQGHDVHRIRSHUDWLRQ7KHIUHTXHQF\
UDQJHVLVIURPN+]WR*+]7KHWUDQVIHUUHG6DQGWKHUHÀHFWHG6 and SVSDUDPHWHUVZHUHPHDVXUHGZLWKDUHVROXWLRQRI[G%P7KHVHWXSVHH)LJXUHDZDVDSSOLHGWRPHDVXUHQRQLQYDVLYHO\VRLOPRLVWXUH
LQUKL]RER[HVPDGHIURP3OH[LJODVDQG39&7KHER[HVKDGDOHQJWKRIPPDZLGWKRIPPDERXWPP
WKLFNZDOOVDQGZHUH¿OOHGZLWKVRLO7KHUHZHUHWZRGLIIHUHQWVL]HVRIUKL]RER[HVZLWKDQLQWHUQDOWKLFNQHVVRI
HLWKHURUPP
7RREWDLQVRLOPRLVWXUHSUR¿OHVSRVLWLRQLQJV\VWHP)HLQPHVV'UHVGHQ*PE+ZDVXVHG WRPRYH WKH
DQWHQQDVZLWKVWHSVDWPPHDFKVHFWRGLVSODFHPHQWDQGPHDVXUHPHQWLQYHUWLFDOGLUHFWLRQOHQJWKRIWKH
UKL]RER[HV7KHGLVWDQFHEHWZHHQWKHPLFURVWULSDQWHQQDVZDVNHSWFRQVWDQWRIPPDQGPPIRUWKH
PPDQGPPWKLFNUKL]RER[HVUHVSHFWLYHO\:HXVHGWKUHHGLIIHUHQWSRURXVPHGLD301XOOHUGH(LQKHLWVHUGH
7\S(LQKHLWVHUGHXQG+XPXVZHUNH*HEU3DW]HU*PE+	&R.*SHDWVDQGSXPLFHVXEVWUDWH'DFKVWDXGHQ-
VXEVWUDW6R0L+DZLWD*PE+9HFKWD*HUPDQ\RUJDQLFPDWWHUFRQWHQWRIDQGJODVVEHDGVSDUWLFOHV
VL]H±PPIRUZKLFKFDOLEUDWLRQFXUYHVZHUHREWDLQHGE\PHDVXULQJ6DQGXVLQJQLQHVSHFLDOO\GHVLJQHGSRWVRIDERXWPPLQGLDPHWHUWKDWZHUHSODFHGLQVLGHDUKL]RER[VHH)LJXUHE7KHSRWVZHUHSUHSDUHGWRKDYH
WKHVDPHEXONGHQVLW\RIDVRLODQGLWVGLIIHUHQWYROXPHWULFPRLVWXUHe97KHEXONGHQVLWLHVlbRIWKH30XVHGLQWKHH[SHULPHQWVZHUHl
b
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b
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7RLQYHVWLJDWHFKDQJHVLQZDWHUGLVWULEXWLRQWKHUKL]RER[ZDV¿OOHGZLWKSHDWVDQGSXPLFHVXEVWUDWHDQG
PORIGHLRQL]HGZDWHUVSUHDGXQLIRUPO\RQWKHWRSRIWKHGU\VDPSOH7KHUKL]RER[ZDVWKHQVFDQQHGXVLQJ
PLFURVWULSDQWHQQDVHYHU\WRPLQRYHUDWLPHSHULRGRIGD\V7KHH[SHULPHQWVZHUHPDGHXQGHUODERUDWRU\
FRQGLWLRQVDWWHPSHUDWXUHRIDERXW&DQGUHODWLYHKXPLGLW\RIa7RFRQWUROWKHGHYLFHVDQGFROOHFWWKHGDWD
D/DE9LHZEDVHGSURJUDPZDVXVHG
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E
)LJXUHD([SHULPHQWDOVHWXSZLWKUKL]RER[RQWKHOHIWVLGHE5KL]RER[ZLWKQLQHSRWVSUHSDUHGIRU
FDOLEUDWLRQGDWDDFTXLVLWLRQ
3. Results and Discussion
7KHHYDOXDWLRQRI6GHSHQGHQFHRQWKLFNQHVVRIDUKL]RER[PPDQGPPZHUHPDGHXVLQJGHLR-QL]HG',ZDWHUDQGSHDWVDQGSXPLFHVXEVWUDWHZLWKe9 7DEOHVKRZVWKHUHVXOWVREWDLQHGGXULQJWKHH[SHULPHQW,WLVYLVLEOHWKDW6LQFUHDVHGDSSUR[LPDWHO\LQWLPHVPHDQLQJGHFUHDVLQJRIWKHWUDQVIHUUHGSRZHULQRUGHUVRIPDJQLWXGHVHHGH¿QLWLRQRI6SDUDPHWHUVGXHWRLQFUHDVLQJRIWKHUKL]RER[WKLFNQHVV
7DEOH9DOXHVRI6SDUDPHWHUPHDVXUHGDWUHVRQDQWIUHTXHQF\RIDQWHQQDVIRUPPUKL]RER[¿OOHGZLWKSXUHZDWHUDQGIRUUKL]RER[HVZLWKGLIIHUHQWVL]HV¿OOHGZLWKSHDWVDQGSXPLFHVXEVWUDWH
Substrate ,QWHUQDOWKLFNQHVVRIUKL]RER[
PP PP
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'HLRQL]HGZDWHU  ---
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&DOLEUDWLRQGDWD6G%PYVe9REWDLQHGIRUWKUHHGLIIHUHQW30DQGWKHLUOLQHDUSRO\QRPLDO¿WWLQJPRGHOVDUHVKRZQLQ)LJXUHDQG7DEOH7KHH[SHULPHQWVZHUHGRQHIRUWZRNLQGVRIVRLO1XOOHUGHDQGSHDW
VDQGSXPLFHVXEVWUDWHDQGIRUJODVVEHDGV7KHPPUKL]RER[HVZHUHRQO\PHDVXUHGGXULQJWKLVH[SHULPHQW
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1LQHVSHFLDOO\GHVLJQHGSRWVZHUHXVHGKDYLQJD30ZLWKGLIIHUHQWYROXPHWULFPRLVWXUHDVLWZDVPHQWLRQHGDERYH
VHH)LJXUHE:KHQSRURXVPHGLDLVUHODWLYHO\GU\EHIRUHRIWKHe9WKHEHKDYLRURIWKHFDOLEUDWLRQFXUYHVLVDOPRVWLQGHSHQGHQWRIWKH30W\SH$VPDOOVKLIWLVREVHUYHGGXHWRERWKWKHGHQVLW\RIVRLODQGPRVWOLNHO\
UHODWLYHSHUPLWWLYLW\RI WKHPHGLD$WKLJKHUYDOXHVRIPRLVWXUHFRQWHQW WKHVRLOHOHFWULFDOFRQGXFWLYLW\SOD\VD
FUXFLDOUROH,QWKLVFDVHLWLVSRVVLEOHWRREVHUYHDSURQRXQFHGGHYLDWLRQLQWKHVKDSHRIWKHFDOLEUDWLRQFXUYHIRU
SHDWVDQGSXPLFHVXEVWUDWHDVLWKDVUHODWLYHO\KLJKHOHFWULFDOFRQGXFWLYLW\DQGWKHEHKDYLRUFDQEHH[SODLQHGE\
GHFUHDVLQJRIWKHWUDQVIHUUHGVLJQDOGXHWRLQFUHDVLQJRIWKHDEVRUSWLRQE\WKLVW\SHRIVRLO7KHUHIRUHGLIIHUHQFHVLQ
WKH30VSK\VLFDOFKHPLFDOSURSHUWLHVRIFRXOGJLYHDUHDVRQDEOHH[SODQDWLRQRIWKHREWDLQHGUHVXOWVDVWKH\ZRXOG
SOD\DQLPSRUWDQWUROHLQLQWHUDFWLRQRIWKHHOHFWURPDJQHWLFZDYHVZLWKWKHVRLOZDWHUV\VWHPDWWKLVPLFURZDYH
IUHTXHQF\UDQJH
!
)LJXUH &DOLEUDWLRQ FXUYHV 6versus e9 IRU WZRNLQGV RI VRLO1XOOHUGH Ɣ DQG SHDWVDQGSXPLFHVXEVWUDWHŶDQGIRUJODVVEHDGVŸ&RORUHGYDOXHVVKRZHGRQWKHSORWDUHEXONGHQVLW\RIGU\VRLOV
7DEOH)LWWLQJSDUDPHWHUVRIWKHOLQHDUDQGSRO\QRPLDOHTXDWLRQVIRUGLIIHUHQWPRGHOVWKDWDUHXVHGWR
GHVFULEHWKHFDOLEUDWLRQFXUYHVREWDLQHGIRUPHDVXUHGVDPSOHVJODVVEHDGVOLQH1XOOHUGHndRUGHUSRO\QRPLDO
DQGSHDWVDQGSXPLFHVXEVWUDWHWKRUGHUSRO\QRPLDO
&RQVWDQW S S S 5
*ODVVEHDGV   ------------- ------------ 
1XOOHUGH    ------------ 
3HDWVDQGSXPLFHVXEVWUDWH     
8VLQJWKHWHPSRUDOFKDQJHVRIWKHVRLOZDWHUSUR¿OHVLWLVSRVVLEOHWRHYDOXDWHWKHVRLOZDWHUSHUPHDELOLW\
7KHUHVXOWRIVXFKLQYHVWLJDWLRQLVVKRZQLQWKH)LJXUH$WWKHEHJLQQLQJRIWKHH[SHULPHQWWKHYROXPHWULFVRLO
PRLVWXUHe9DWPPEHORZWKHWRSRIWKHVRLOZDVDQGDWPPLWZDV$IWHUGD\Ve9 became VLPLODUDWERWKSRVLWLRQV7KHHTXDWLRQVWKDW¿WWKHGDWDRYHUWLPHZHUHrdRUGHUSRO\QRPLDODQGOLQHDUIRU
PPDQGPPGLVWDQFHVUHVSHFWLYHO\8VLQJWKHVHGDWDWKHVRLOZDWHUSHUPHDELOLW\ZDVFDOFXODWHGWREHDERXW
FPK5HIHUULQJWR6RLO6XUYH\6WDIIDQG9RJHOWKHSHUPHDELOLW\FODVVRIWKLVVDPSOHFDQEH
FRQVLGHUHGDVORZ
!
)LJXUH9ROXPHWULFVRLOPRLVWXUHe9GHSHQGHQFHRQWLPHPHDVXUHGDWGLIIHUHQWGHSWKVIURPWKHWRSRIVRLOPPŶDQGPPŸ7KHLQIRUPDWLRQLVXVHGWRREWDLQWKHSHUPHDELOLW\RI1XOOHUGHVRLOSODFHGLQ
WKHPPUKL]RER[
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4. Conclusions
7KHREWDLQHGUHVXOWVDOORZVWRFRQFOXGHWKDWWKHGHYHORSHGQRQLQYDVLYHPLFURZDYHPHWKRGXVLQJPL-
FURVWULSDQWHQQDVLVDQLQQRYDWLYHVHQVLQJPHWKRGWRPHDVXUHWKHZDWHUVWDWXVLQUKL]RER[HV¿OOHGZLWKVRLO7KH
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